Background. Long-term peritoneal dialysis (PD) results in functional and structural alterations of the peritoneal membrane. Previous studies have suggested that high glucose (HG) could induce transdifferentiation of peritoneal mesothelial cells into myofibroblasts, but the molecular mechanisms of HG-induced epithelial-to-mesenchymal transition (EMT) of human peritoneal mesothelial cells (HPMCs) are unclear. This study was undertaken to elucidate the effects and mechanisms of Twist on HG-induced EMT of HPMCs. Methods. HPMCs were exposed to 5.6 mM glucose [normal glucose (NG)], 50 mM glucose (HG) or 50 mM glucose with Si-Twist or pcDNA3.1-Twist. Western blot and immuocytochemistry were performed to determine Twist, E-cadherin and α-smooth muscle actin (α-SMA) protein expression. MMP2 and MMP9 were detected by zymography. Rats were daily instilled with PD fluid and lipopolysaccharide (LPS) or sodium chloride during 6 weeks. Histological analyses were carried out in parietal peritoneum. Twist was detected by western blotting. Results. Twist and α-SMA protein and immuocytochemistry were significantly increased in HG-conditioned media compared to NG media. E-cadherin protein was lower in pcDNA3.1-Twist-transfected HPMCs compared to pcDNA3.1 cells. Twist protein was upregulated 12 h after HG stimulation. MMP9 was increased in pcDNA3.1-Twisttransfected HPMCs compared to pcDNA3.1 cells. Exposure of rat peritoneum to PD fluid and LPS resulted in an increase of extracellular matrix deposition. Twist and α-SMA were stained in the PD fluid group and compared to the control group. Twist protein was significantly increased in the PD group. Conclusions. In conclusion, HG-induced Twist expression might contribute to EMT of HPMCs. Twist may control EMT of HPMCs by regulating MMP9.
Introduction
Peritoneal dialysis (PD) is a therapy for end-stage renal disease, but long-term PD results in functional and structural alterations of the peritoneal membrane [1] . Although the exact mechanisms of peritoneal damage during PD still remain unclear, epithelial-to-mesenchymal transition (EMT) or mesothelial-to-mesenchymal transition of human peritoneal mesothelial cells (HPMCs) have been regarded as important early mechanisms of peritoneal fibrosis [2] . Recent studies have suggested that high glucose (HG), the most likely factor in PD solutions responsible for peritoneal deterioration, could induce transdifferentiation of peritoneal mesothelial cells into myofibroblasts [3] . However, the molecular mechanisms by which HG induced EMT of peritoneal mesothelial cells remain largely unknown.
Twist is a highly conserved basic helix-loop-helix transcription factor which was newly identified as a key regulator for promoting EMT and is involved in embryogenesis and cancer metastasis [4, 5] . Twist transcriptionally repressed the expression of E-cadherin, leading to loss of E-cadherin-mediated cell-cell cadherin [6] , activation of mesenchymal marker and gain of cell invasion and motility [7] . The abundant expression of Twist in alveolar epithelial cells contributes to EMT and is an important source of fibroblasts in idiopathic pulmonary fibrosis [8] . Twist is involved in hypoxia-induced EMT of human tubular epithelial cells and might contribute to the pathogenesis of progressive renal fibrosis [9] . Taken together, Twist is an important EMT regulator and might play important roles in mediating the invasion, migration and metastatic activity of different carcinoma cells, possibly resulting in peritoneal fibrosis. However, there have been few studies about the molecular mechanisms of HG-induced EMT of HPMCs. Given the known features of Twist, we hypothesized that HG in HPMCs might affect Twist activity and further mediate EMT of HPMCs.
In vitro and in vivo studies have demonstrated that dunudation of mesothelial cells from the peritoneum and excessive deposition of extracellular matrix (ECM) are the structural determinants of peritoneal fibrosis [10, 11] . Matrix metalloproteinases (MMPs) degrade and modify the ECM as well as cell-ECM and cell-cell contacts, facilitating detachment of epithelial cells from the surrounding tissue [12] . Among these, gelatinase (MMP2 and MMP9) has been widely studied in experimental diabetic nephropathy and HG-stimulated mesangial cells. Decreased MMP2 or MMP9 gene expression has been observed in human and animal models of diabetic nephropathy [13, 14] . HPMCs are also known to synthesize MMP2 and MMP3 along with TIMP-1 and -2 and to control the accumulation of ECM by secreting these enzymes [15] . Induction of EMT of mesothelial cells is accompanied by upregulated expression of MMP such as MMP2 and MMP9, which would degrade the basal membrane and the connective tissue, allowing the submesothelial invasion by the transdifferentiated cells [16] . Twist is able to promote MMP activation, specifically MMP2 and MMP9, in hepatocellular carcinoma [17] . However, there have been few studies about the relationship between Twist and MMP2 and MMP9.
In the present study, we examined the effect of Twist on HG-induced EMT of cultured HPMCs. In vitro and in vivo experiments showed that HG, through activation of Twist, promoted EMT of HPMCs and that Twist might directly regulate the transcription level of MMP9. Taken together, these data suggest that HG-induced Twist expression might contribute to EMT of human mesothelial cells through secreting MMP9.
Materials and methods

HPMC culture
HPMCs were purchased from China (Fu Er Bo Guang Zhou). The cells were cultured in medium 1640 containing 10% fetal bovine serum (FBS), 100 U/mL penicillin, 100 μg/mL streptomycin and 26 mM NaHCO 3 . HPMCs were grown in the same medium at 37°C in humidified 5% CO 2 and the medium was changed 24 h after seeding and then every 3 day. HPMCs were identified by phase-contrast microscopy according to the morphological criteria and by the immunofluorescence technique. All experiments were performed using cells between the fifth and sixth passages.
To investigate the effect of HG on Twist, subconfluent HPMCs were incubated with medium 1640 containing 1% FBS for 24 h to arrest and synchronize cell growth. After this time period, the cells were treated with 1% FBS media containing 30 mM D-glucose, or 40 mM D-glucose, or 50 mM D-glucose, or 60 mM D-glucose or 120 mM D-glucose for 24 or 48 h. The results of preliminary experiments showed that Twist activation increased significantly at 50 mmol/L D-glucose without significant cell toxicity, as evaluated by cell morphology. Therefore, we used 50 mmol/L D-glucose for the rest of the experiment regarding HG-induced EMT.
Western blot analysis
The treated cells were harvested and lysed on ice for 30 min in lysis (150 mM Tris-HCl pH 6.8, 10% sodium dodecyl sulfate (SDS), 0.3% bromophenol blue, 30% glycerol and 3% β-mercaptoethanol), then quantified by Bradford method. A total of 100 μg of whole cellular lysates were electrophoresed in 10% SDS-polyacrylamide gel electrophoresis (PAGE) and blotted on a nitrocellulose membrane. The membranes were blocked with 5% fat-free milk at room temperature for 2 h and incubated with primary antibodies including anti-Twist (1:200; Santa Cruz Biotechnology), anti-E-cadherin (1:100; Santa Cruz Biotechnology), anti-α-smooth muscle actin (α-SMA) (1:1000; Epitomics) or anti-β-actin (1:4000; Sigma) at 4°C overnight. After six washes for 5 min in Trisbuffered saline supplemented with 0.1% Tween-20 (TBST), the membrane was incubated with the peroxidase-conjugated secondary antibody (Amersham Pharmacia Biotech, Beijing, China) for 2 h at room temperature. Enhanced chemiluminescence (Amersham, Freiburg, Germany) was used for detection.
Plasmid constructs and cell transfection
The pcDNA3.1-Twist plasmid was the gift from Professor Carlotta A. Glackin (National Medical Center and Beckman Research Institute). Target short interfering RNA (siRNA) was determined using the siRNA design tool (Invitrogen). Twist siRNA-specific targeting sequence was 5′-aagatggcaagctgcagctat-3′: a scramble sequence (5′-tcagcaaggtgactgagac-3′) was used as control.
HPMCs were plated and grown to 80-90% without antibiotics. Transfections were performed with Lipofectamine 2000 (Invitrogen AB, Lidingo, Sweden), as directed by the manufacturer. The cells were cultured 48 h after transfection, then total protein was harvested and RNA extracted. EMT of HPMCs were transfected by Si-Twist and total protein extracted.
Catheter implantation. Peritoneal catheter insertion was carried out as previously described [18] . The catheters, patterned after a standard Tenckhoff catheter, were constructed of medical silicone tubing with two polyester cuffs. The animals were anesthetized by inhaling ether. An incision was made in the skin along the midline starting at the xiphoid process and extending caudally for ∼3 cm. A blunt dissection through the abdominal wall ∼0.75-1.5 cm below the xiphoid process was then made. Once the peritoneal membrane was penetrated, the tip of the catheter was advanced into the cavity and secured to the superficial muscle layer with a single stitch through the cuff material. The procedure was performed carefully and there was no bleeding and only minimal trauma to the peritoneum. The hole in the peritoneum was large enough to allow the catheter to enter but small enough so that the catheter fit snugly. The other end of the catheter was tunneled under the skin to a point between the scapulas and sealed with catheter plugs. The second cuff was close to the skin exit site. The animals were allowed to recover, placed again in their cages and allowed free access to food and water. The rats with a catheter inserted were housed solitarily in individual cages because other rats could damage the catheter.
Animal model of PD
Sixteen male Sprague-Dawley rats (260-300 g) were purchased from the laboratory animal center of our university (Xi'an, Shaanxi, China) and were divided into two groups with eight rats in each group. The animals were infused by intra-peritoneal injection: control group (A), which was induced with 0.9% physiological saline; dialysis group (B), which was infused with 4.25% glucose dialysis and lipopolysaccharide (LPS) for 6 weeks. Group B was infused with 25 mL of 4.25% glucose dialysis solution (Dianeal; Baxter Healthcare Ltd, Singapore) two times a day for 6 weeks. At the end of 6 weeks, the rats in groups A and B were killed.
The parietal peritoneum of the abdominal wall was fixed with 4% paraformaldehyde ( pH 7-4) and embedded in paraffin. The thickness of the peritoneal membrane was measured in stained tissue sections of the submesothelial matrix and was measured using the computer program Optimas 6.0.
Immunohistochemistry and immuocytochemistry
Immunohistochemistry was carried out according to the manufacturer's instructions (2-step plus; Golden Bridge International). About 1-to 2-μm thick tissue slides were dewaxed, rehydrated, incubated with 3% hydrogen peroxide for 30 min and blocked in 10% normal rabbit serum for 30 min. The slides were then incubated with primary antibodies including anti-Twist (1:250; Abcam, Hong Kong), E-cadherin (1:100; Santa Cruze) and α-SMA (1:200, Epitomics) at 4°C overnight, respectively. The sections were incubated with biotinylated goat anti-rabbit Ig antibody as the secondary antibody; the antibody reactions were visualized using diamino benzidine (DAKO, Tokyo, Japan). The non-immune Ig was used as negative controls. The slides were counterstained with hematoxylin, then dehydrated and mounted.
For immunocytochemical analysis, HPMCs were cultured on sterile glass coverslips in 24-well plates. For HG culture, the cells were placed in HG condition incubator for 48 h, control cells [normal glucose (NG)] were incubated for 48 h. The slides were fixed with 95% alcohol for 20 min at room temperature. The coverslips were washed with phosphatebuffered saline and permeabilized for 10 min with 0.5% Triton X-100 in phosphate-buffered saline. The cells were then incubated with primary antibodies including anti-Twist antibody (1:200; Santa Cruz), E-cadherin (1:100; Santa Cruz Biotechnology) and anti-α-SMA (1:250; Epitomics) after blocking with 10% normal goat serum for 1 h. The slides were incubated with fluorescein isothiocyanate-conjugated goat anti-rabbit IgG as the secondary antibody at room temperature for 1 h. Finally, slides were analyzed by confocal laser scanning microscopy.
Gelatin zymography. Conditioned medium was harvested from cells after transfecting and resuspended in 4X loading buffer. Samples were run on 10% SDS-PAGE with 1% gelatin, washed with 2.5% Triton X-100 for 30 min to remove SDS and incubated in activation buffer (50 mM Tris-HCl pH 8.0, 10 mM CaCl 2 , 150 mM NaCl) at 37°C overnight. Gels were stained with coomassie Brilliant Blue.
Statistical analysis
All values are expressed as the mean ± SEM. Statistical analysis was performed using the statistical package SPSS for Windows Ver 12.0. Results were analyzed by standard statistical methods, including the t-test and one-way analysis of variance. P-values <0.05 were considered to be statistically significant.
Results
Twist was critical for HG-induced EMT of HPMCs
Peritoneal mesothelial cells undergoing EMT typically lost expression of epithelial markers such as E-cadherin and obtained expression of mesenchymal markers including α-SMA [5] . We found that HPMCs cultured under HG had reduced expression of E-cadherin and increased expression of α-SMA compared with cells under NG (5.6 mmol/L). The findings suggest that HG promoted EMT, one of the major mechanisms that mediate peritoneal fibrosis. Furthermore, Twist expression was also found to be increased in HPMCs under HG and negatively correlated to expression of E-cadherin.
Immunofluorescence staining was employed to confirm EMT phenotype changes of HPMCs under HG condition. It was shown that Twist staining in HG-induced cells was greatly increased and mainly located in the nucleus compared with that of normal cells. Meanwhile, the expression of E-cadherin decreased and the expression of α-SMA increased when compared with those in NG HPMCs. All these results suggest that Twist may be involved in HG-induced EMT of HPMCs.
To show whether Twist is required for HG-induced EMT, upregulation and downregulation of Twist through sense and siRNA transfection were performed in HPMCs. HPMCs with Twist overexpression had gained α-SMA expression and reduced E-cadherin expression, suggesting transformation from epithelial-to-mesenchymal phenotype (Figure 1c) . Forty-eight hours after HG stimulation, the expression of E-cadherin was markedly enhanced in siRNA-Twist-transfected cells compared with control cells that were transfected with scramble DNA. In contrast, the protein α-SMA was upregulated in both parental cells and pSilence-transfected cells under HG conditions, whereas lower α-SMA level was detected in HG siRNATwist-transfected cells. Our results show that Twist could result in EMT of HPMCs and at least partly mediates HGinduced EMT phenotypes.
HG increased the expression of Twist at the protein level
Twist protein expression was evaluated in HPMCs under HG state by western blotting. It was shown that Twist was significantly upregulated 12 h after HG stimulation. Twist remained upregulated for > 48 h. In contrast, in NG cells, there was little expression of Twist. HG induced the Twist expression in a time-dependent manner compared with those under NG in HPMCs (Figure 2 ).
Twist is involved in glucose-induced peritoneal fibrosis in vivo
The above in vitro study has shown that Twist is involved in HG-induced EMT confirmed by functional changes. Thus, we further verified this result by an in vivo study. Hence, we chose the peritoneal fibrosis model-a chronic infusion PD fluid (PDF) and LPS-to investigate HGinduced peritoneal fibrosis. Light microscopic examination verified that the peritoneal membrane of peritoneal fibrosis rats was thicker than in the control group. In addition, immunohistochemistry staining showed that Twist was expressed in the cytoplasm of peritoneal mesothelial cells in HG PDF and LPS rats, whereas there was almost no staining in the control group peritoneal membrane. Meanwhile, in rat peritoneal mesothelial cells, the staining of E-cadherin was found decreased, whereas the staining of α-SMA was increased in Group B. Western blotting analysis also revealed similar results: Twist protein expression was significantly elevated in 4.25% PDF and LPS rat group compared with control group. Taken together with the in vitro findings, it can be suggested that Twist is involved in HG-induced peritoneal fibrosis (Figure 3 ).
Twist may be a pivotal regulator of MMP9 expression MMP2 and MMP9 are fundamental enzymes in extracelluar matrix (ECM) homeostasis. In this study, the relationship between Twist and MMP2/MMP9 were assessed by gelatin zymography. Twist overexpression could induce MMP9 expression. MMP9 is significantly enhanced after transfecting the plasmids pcDNA3.1-Twist into HPMCs compared to empty vector pcDNA3.1, but there are few differences in MMP2 (Figure 4 ).
Discussion
Phenotypic transition of peritoneal mesothelial cells to mesenchymal cells (EMT of peritoneal mesothelium) has been recognized as an important mechanism of peritoneal fibrosis [1, 2] . A recent article also demonstrated the association of EMT and ultrafiltration failure in PD patients, which highlighted the clinical significance of peritoneal EMT as a cause of peritoneal dysfunction and damage. Emerging evidence demonstrated that HG of peritoneal dialysate may be the most likely factor for peritoneal deterioration [19] . A recent study showed HG per se induced EMT of cultured HPMCs [1] ; however, the molecule mechanism of this process is not fully understood. The current study suggests that Twist activity is increased in HPMCs under HG conditions, which promotes EMT of HPMCs. HG-induced phenotypic transition was observed as early as 48 h of stimulation [1] and Twist may be thought of as a marker of early transdifferentiation before any significant morphologic changes of cells occurs, which suggests HG-induced alteration in cell phenotype may be one of the earlier phenomena of peritoneal damage. Early EMT was reversible with a timely removal of the offending stimuli and Twist may be a marker of early EMT to predict whether HPMCs undergo EMT in patients with long-term PD.
Twist is a basic helix-loop-helix transcription factor that mediates axis and pattern formation [20, 21] . Twist was first described as a master regulator in multiple developmental processes and is associated with more aggressive phenotypes and metastasis of tumors [22] [23] [24] . It had been suggested that Twist transcriptional repression of Ecadherin might be mediated through the E-boxes elements on the E-cadherin promoter [6] . E-cadherin is required for the formation of stable adherin junctions and thus the maintenance of the epithelial phenotype. Loss of E-cadherin is emerging as one of the most common indicators of EMT onset. Twist induces EMT and promotes cancer cell invasion and metastasis [25] . Recently, a few studies also indicated that Twist might be involved in EMT in renal tubular epithelial cells under hypoxia and plays a role in renal fibrogenesis [9] . Our results indicate that Twist also mediated HG-induced EMT in HPMCs and may have an important role in peritoneal fibrosis. The results were based on the above in vitro and in vivo study. Whether there were any other molecules besides Twist or other unknown signal pathways functioning in HGinduced EMT remained to be further investigated. How is Twist expression regulated under the EMT process? It has been well established that basement membrane degradation by MMP2 and MMP9 is essential for migration of transformed cells in the EMT process. In human hepatocellular carcinoma, Twist is able to downregulate E-cadherin expression and promote MMP activation, specifically in MMP2 and MMP9 [17] . Koorstra et al. found that invasion and migration in pancreatic cancer were highly related to the transcript level of the EMT-associated transcription factor Snail, Twist and MMP9 messenger RNA level [26] . In this report, we show that Twist may regulate MMP9 expression during EMT. The conclusion is based on the following observations. The pcDNA3.1-Twist-transfected cells secreting MMP9 protein is significantly increased, while there are no differences in MMP2 protein when transfecting the plasmids pcDNA3.1-Twist into HPMCs compared to control group. In brief, Twist induced EMT of HPMCs under HG conditions via MMP9.
In summary, the data here provide an explanation for EMT of HPMCs under HG stimulation through the upregulation of Twist, and Twist may be a master marker of early EMT. Twist may directly regulate MMP9 expression and play an important role in EMT during peritoneal fibrosis. Twist in HPMCs offers new insight into the antifibrogenesis strategies.
